Phostensin binds to the pointed ends of actin filaments and modulates actin dynamics. The genomic location of phostensin is between the HLA-C and HLA-E gene clusters on human chromosome 6, and the mRNA of this protein is predominantly distributed in the spleen, thymus, and peripheral leukocytes. However, the distribution of phostensin in leukocyte cell populations and the subcellular localization have not yet been determined. In this study, an anti-phostensin monoclonal antibody (PT2) that recognizes residues 89-124 of phostensin was prepared and used to examine the subcellular localization and distribution of phostensin in white blood cell populations and in lymphatic tissues. It was found that phostensin is mainly concentrated at the cell periphery and co-localizes with actin filaments. In addition, phostensin was abundant in helper T-lymphocytes, cytotoxic T-lymphocytes, mature monocytes, macrophages, B-lymphocytes, natural killer cells, and granulocytes as well as in the lymphatic tissues, such as the thymus, lymph nodes, and spleen. Phostensin is expressed in the mature lymphocytes of the thymic medulla but not in the immature lymphocytes of the thymic cortex. Taken together, phostensin is a ubiquitous protein in leukocytes, and it may play an important role in modulating the cellular functions of leukocytes. (J Histochem Cytochem 59:741-749, 2011) 
Phostensin, which is encoded in humans by KIAA1949, consists of 165 amino acids with a consensus protein phosphatase 1 (PP1)-binding motif located at residues 91-94 (K 91 ISF 94 ). Phostensin mRNA is predominantly localized to the peripheral leukocytes, thymus, and spleen (Kao et al. 2007; Su et al. 2010) , whereas the phostensin protein is present in crude extracts of human peripheral leukocytes. In addition, phostensin associates with PP1 in a complex that localizes to the actin cytoskeleton, where this protein binds to the pointed ends of actin filaments but not to actin monomers, sides of filaments, or barbed ends of filaments (Lai et al. 2009 ). Phostensin retards the elongation and depolymerization rates of gelsolin-actin seeds, directly associates with pointed ends, and reduces the rate of G-actin addition at the pointed ends (Lai et al. 2009 ).
The swine phostensin gene is located between the non-classical and classical swine leukocyte antigen (SLA) class I gene clusters (Nagase et al. 2001; Shigenari et al. 2004 ). This genomic segment is 433 kb long and is orthologous to a 595kb region within the human leukocyte antigen (HLA) complex. Nucleotide sequencing analysis indicated that 21 swine genes are present in this segment and that these genes exhibit sequence identity with those in the corresponding region on chromosome 6 between the HLA-C and HLA-E genes in humans. This unusual genomic location suggests that phostensin may play a role in immune activity. Although previous work demonstrated that phostensin is present in the spleen, thymus, and peripheral leukocytes (Kao et al. 2007) , the distribution of phostensin in peripheral leukocyte cell populations and the immunolocalization of phostensin in lymphatic tissues have not been determined. In this study, we prepared a monoclonal antibody (PT2) that recognizes the sequence from residues 89-124 of phostensin. The distribution of phostensin in leukocyte cell populations and in lymphatic tissues and the subcellular localization of this protein were examined.
Materials and Methods Materials
Blue Sepharose and metal-chelating Sepharose were obtained from Amersham Biosciences (Fairfield, CT). Tris, Luria-Bertani (LB) broth, dithiothreitol (DTT), ampicillin, phenylmethylsulfonyl fluoride, benzamidine, imidazole, and anti-thioredoxin (trx) polyclonal antibody were obtained from Sigma-Aldrich (St. Louis, MO). Anti-α-tubulin monoclonal antibody was purchased from Thermo Scientific (Fremont, CA).
Protein Purification
Full-length phostensin cDNA was amplified by PCR with gene specific primers: 5′-GCC CAT GGC TCT GGT GCC ACG CGG TTC TAT GAG CCG CCT GTT CTA TGGG-3′ and 5′-CGG AAT TCT CAC CGC CGG CAG GAC TCA TC-3′. The resulting product was digested with NcoI/EcoRI and subcloned into pET32a. Escherichia coli BL21(DE3) was transformed with the recombinant pET-32a plasmid, which encoded the trx-phostensin fusion protein. The transformed bacteria were grown in LB broth with ampicillin (0.1 g/L) and induced by Isopropyl-beta-D-1-thiogalactopyranoside (IPTG) (final concentration of 1 mM) for 4 hr at 37C. Cells were harvested by centrifugation and resuspended in 100 ml of 20 mM Tris-HCl buffer, pH 7.9, containing 0.5 M NaCl, 0.2 mM phenylmethylsulfonyl fluoride, 0.02% NaN 3 , 4 mM benzamidine, and 0.5 mM imidazole. Cells were then lysed using a French press. The phostensin fusion protein was purified from the crude lysate by nickel-chelating Sepharose and Blue Sepharose chromatography. The purified protein was pooled, concentrated by ultrafiltration, and dialyzed against 5 mM Tris-HCl with 0.2 mM CaCl 2 , pH 8.0. Purified phostensin was stored at 4C. The expression vectors for trx-phostensin residues 1-39, trx-phostensin residues 1-88, trx-phostensin residues 1-129, and trx-phostensin residues 125-165 were constructed using appropriate primers, and the trx-phostensin fragments were purified as described above.
Phostensin Monoclonal Antibody, PT2
Two mg of trx-phostensin fusion protein dissolved in 2 ml of phosphate-buffered saline (PBS) was used for monoclonal antibody production by Kelowna International Scientific Inc (Taipei, Taiwan). PT2, an anti-phostensin monoclonal antibody, was purified by protein A-Sepharose from ascites fluid. The stock concentration of purified PT2 was adjusted to 1 mg/ml. Conjugation of PT2 with Alexa-488 was carried out at room temperature for 1 hr with protection from light. Reaction components included 2 mg of PT2 and 160 µg of Alexa-488 tetrafluorophenyl ester in 1 ml of 500 mM carbonate buffer, pH 9.5. Upon completion of the reaction, excess reagents were removed by dialysis against PBS buffer. The stock concentration of Alexa-488-conjugated PT2 was adjusted to 1 mg/ml.
Western Blotting
Human peripheral mononuclear cells (PBMCs) were prepared as described (Lu et al. 2008) . Cells, including PBMCs, Jurkat, HeLa, HL60, K562, and U937, were grown to confluence in 10-cm tissue culture dishes, harvested, and centrifuged at 1500 × g for 5 min. Pelleted cells were resuspended in 0.1 ml of 1% SDS and lysed by ultrasonication. Aliquots (100 µg) of cell extracts were analyzed by SDS-PAGE and then electrotransferred onto a polyvinylidene difluoride membrane. Western blot analysis was performed with the anti-phostensin monoclonal antibody PT2 (1:2000 dilution). HL-60 cells differentiated to granulocytes or to monocytes were prepared as described (Nakashima et al. 1999 ).
Immunocytochemistry
PBMCs were adhered onto poly-D-lysine-coated cover slips. Cells were washed twice with PBS, fixed for 15 min in 4% paraformaldehyde, and, when needed, permeabilized for 15 min with 0.5% Triton X-100 in PBS. The cells were then blocked for 1 hr with 5% skim milk in PBS, incubated with a 1:100 dilution of anti-phostensin monoclonal antibody PT2 for 60 min, and then incubated with a 1:400 dilution of goat-anti-mouse rhodamine-conjugated secondary antibody (Invitrogen, Carlsbad, CA). For staining polymerized actin, a 1:1000 dilution of Alexa-488-conjugated phalloidin (Cytoskeleton, Denver, CO) was used. Cells were analyzed with a Nikon 80i fluorescent microscope or with a Zeiss LSM 510 confocal microscope.
Flow Cytometry
For surface markers, whole blood cells were washed with staining buffer containing 0.2% bovine serum albumin and 0.1% sodium azide (BD Biosciences) and then stained with phycoerythrin-conjugated antibodies for CD4, CD8, CD14, CD19, CD56, or CD88 (BD Biosciences) at room temperature for 10 min. Red blood cells were lysed with a Lysis Kit (BD Bioscience). For intracellular staining of phostensin with Alexa-conjugated PT2, the Intracellular Staining Kit from BD Biosciences was used according to the manufacturer's instructions. After several washes with PBS, the cells were analyzed using a FACScan flow cytometer (BD Biosciences).
Subcellular Fractionation
PBMCs were suspended in 200 µl of buffer (10 mM Tris-HCl, pH 7.9; 10 mM KCl; 0.05% Nonidet P-40; and 1.5 mM MgCl 2 ) followed by incubation on ice for 5 min. Proteins in the cytoplasmic and nuclear fractions were separated by centrifugation at 760 × g at 4C for 10 min. The supernatant containing the cytoplasmic proteins was transferred into a new microcentrifuge tube. The pellet containing the nuclear proteins was resuspended in 50 mM Tris, pH 7.9; 300 mM KCl; 12.5 mM MgCl 2 ; 1 mM EDTA; and 20% glycerol. Both protein fractions were subjected to Western blot analysis using the anti-phostensin monoclonal antibody PT2. The nuclear fraction was identified with an anti-lamin monoclonal antibody (BD Biosciences).
Immunohistochemistry
The human lymphatic tissue array (LN 801) was obtained from US Biomax, Inc. (Rockville, MD). Lymphatic tissue was deparaffinized by heating at 60C for 20 min, washing three times with xylene, rinsing with ethanol, and drying at room temperature. The array slide was rinsed with PBS and treated with 3% hydrogen peroxide for 5 min. After an additional PBS rinse, the array slide was incubated with anti-phostensin monoclonal antibody PT2 (1:500 dilution) for 2 hr followed by incubation with biotinylated antimouse secondary antibody for 30 min and streptavidinconjugated HRP for 30 min (Dako, Glostrup, Denmark). Chromogen generation was achieved using DAB as the substrate (Dako). The array slide was counterstained with hematoxylin for 3 min and then dehydrated and sealed using Acrytol mounting medium. Image observations were performed using a Nikon 80i microscope.
Immunoprecipitation
HeLa cells were grown to confluence in 10-cm tissue culture dishes, harvested, and centrifuged at 1500 × g for 5 min. After being washed with PBS, cells were pelleted by centrifugation. The pelleted cells were ruptured by 1 ml of 1% NP40 buffer (20 mM Tris-HCl, pH:8.0, containing 137 mM NaCl, 10% glycerol, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, aprotinin [0.2 U/ml], and leupeptin [20 µg/ml]). PMBC isolated from 12 ml of blood was ruptured by 0.5 ml of 1% NP40 buffer. 1500 µg and 500 µg of proteins extracted from HeLa cells and PBMC, respectively, were subjected to immunoprecipitation by PT2 (10 µg) immobilized on protein G-Sepharose (12.5 µl). After incubation at 4C for 2 hours, all components were washed with 1% NP40 buffer four times and harvested by centrifugation (760 × g) at 4C for 1.5 min.
Results

Anti-phostensin Monoclonal Antibody PT2
We have produced an anti-phostensin monoclonal antibody, PT2. To examine the recognition site of PT2, recombinant trx-phostensin mutants were prepared. All mutant proteins were purified to homogeneity of greater than 90%, as evidenced by SDS-PAGE gels stained with Coomassie Brilliant Blue (data not shown). In Western blot analysis, PT2 did not bind to residues 1-39, residues 1-88, or residues 125-165 but did bind to residues 1-129 and wild-type phostensin, suggesting that PT2 binds to the sequence between residues 89 and 124 of phostensin ( Figure 1A) . The PT2 was then stripped from the membranes using stripping buffer (0.5 M acetic acid with 0.5 M NaCl), and the membranes were reblotted with anti-trx polyclonal antibody. All prepared trx-phostensin fragments were detected by the anti-trx polyclonal antibodies ( Figure 1B) . Western blot analysis demonstrated that PT2 only recognizes phostensin in crude proteins extracted from human PBMCs ( Figure  1C ). Our analysis predicts that the molecular weight of phostensin is 26 kDa, which is identical to the determination in previous studies in which phostensin was extracted from human PBMCs and recognized by a polyclonal antiphostensin antibody that recognizes residues 144-162 of the protein (Kao et al. 2007 ).
Phostensin Is Widely Distributed in Human Leukocytes and Leukemic Cell Lines
PBMCs contain a mixture of cell populations (~90% lymphocytes, 5-8% monocytes, and 2-5% other cell populations) (Lu et al. 2010) . Although phostensin is present in PBMCs, the exact cell population that contains PBMCs was unknown. In addition, the presence of phostensin in other cell populations was unknown. To determine the presence of phostensin in various cell populations, cells were stained with phycoerythrin-conjugated anti-cell surface marker antibodies and Alexa-488-conjugated PT2 antiphostensin antibodies and analyzed by flow cytometry. Phostensin was present in many types of leukocytes, including CD4-, CD8-, CD14-, CD19-, CD56-, and CD88positive cells (Figure 2A) . These results suggested that phostensin is widely expressed in helper T-lymphocytes, cytotoxic T-lymphocytes, mature monocytes, macrophage, B-lymphocytes, natural killer cells, and granulocytes. Western blot analysis was used to determine whether phostensin was present in human leukemic cell lines, such as Jurkat, U937, K562, HL60, and HeLa cells. Crude protein extracts from these cell lines were separated by SDS-PAGE and analyzed by Western blot with PT2. Phostensin was detected in Jurkat, U937, K562, and HL60 cells but not in HeLa cells. HL60, U937, and K562 cells are of the myeloid lineage (Gallagher et al. 1979; Klein et al. 1976; Lozzio and Lozzio 1975) , whereas HL60 cells are predominantly a neutrophilic promyelocyte. HL60 cells can differentiate into granulocytes and monocytes by induction with retinoic acid and 1,25-dihydroxyvitamin D 3 , respectively (Birnie 1988; Nakashima et al. 1999 ). In addition, phostensin expression was significantly increased when HL60 cells were differentiated into mature monocytes and granulocytes ( Figure 2C ).
Cellular Localization
Indirect immunofluorescence microscopy demonstrated that overexpressed phostensin-enhanced green fluorescent protein (phostensin-EGFP) was conspicuously localized to the F-actin cytoskeleton at the cell periphery and was also localized to the nucleus of MDCK cells (Kao et al. 2007 ); however, the cellular localization of endogenous phostensin and actin filaments has not yet been determined. Actin filaments of PBMCs were stained with rhodamine-conjugated phalloidin. Endogenous phostensin was detected with PT2 and an Alexa-488-conjugated secondary antibody. Endogenous phostensin was mainly concentrated at the cell periphery and co-localized with actin-based structures ( Figure 3A) . Endogenous phostensin was sparse in the nucleus as observed with immunofluorescence microscopy ( Figure 3A) . To further confirm the low expression of phostensin in the nucleus, PBMCs were analyzed by immunoblot. Endogenous phostensin was found in both the cytoplasmic and nuclear fractions but at much higher levels in the cytoplasmic fraction ( Figure 3B ). Endogenous phostensin binding to the F-actin cytoskeleton was also verified by immunoprecipitation with PT2. Proteins extracted from PBMCs were immunoprecipitated by PT2. The precipitated components were separated by SDS-PAGE and immunoblotted with an anti-actin antibody. Indeed, actin was co-immunoprecipitated by PT2, suggesting that endogenous phostensin is associated with the actin cytoskeleton in PBMCs ( Figure 3C ). Endogenous phostensin was not identified in crude extracts from HeLa cells ( Figure 2B) , and actin was not co-immunoprecipitated by PT2 in these cells ( Figure 3C ).
Immunohistochemistry
Immunohistochemical analysis with the PT2 monoclonal antibody was performed to examine phostensin expression in human lymphatic tissues, including the thymus, lymph nodes, and spleen. Phostensin immunoreactivity was detected in the medulla of thymus, which was stained in these experiments whereas the adjacent portion of the Figure 1 . Characterization of the anti-phostensin monoclonal antibody, PT2. (A) PT2 binds to full-length trx-phostensin and to residues 1-129 but not to residues 1-39, residues 1-88, or residues 125-165, as observed by Western blot analysis. An aliquot (100 ng) of each protein was loaded onto SDS-PAGE gels (12.5%) and analyzed by Western blot using the anti-phostensin monoclonal antibody, PT2. (B) PT2 antibodies bound to proteins on the membrane from (A) were stripped (in 0.5 M acetic acid plus 0.5 M NaCl) for 30 min, and the membranes were reblotted with anti-trx antibody. All loaded proteins contained a trx fragment. (C) Phostensin is present in human PBMCs. Cellular proteins were extracted by 1% SDS and ultrasonication. An aliquot (100 µg) of crude extract was analyzed by SDS-PAGE (12.5%), transferred onto polyvinylidene difluoride membranes, and blotted with PT2 (1:2000) . The molecular weight of phostensin was observed to be 26 kDa.
cortex was not ( Figure 4A ). This result indicates that phostensin is present in mature T lymphocytes but not in immature T cells.
In the lymph node tissues, the lymphoid follicle, paracortex, and medulla of the parenchymal compartment were stained intensely with PT2 ( Figure 4B ), suggesting that phostensin is expressed in the primary cell type of this compartment. After staining splenic sections with PT2, the cells attached to the wall of the venous sinusoids were stained, suggesting that phostensin is expressed in phagocytic macrophages ( Figure 4C ). The white pulp was also intensely stained with the PT2 antibody ( Figure 4D) , confirming that phostensin is present in lymphoid cells.
Discussion
We generated an anti-phostensin monoclonal antibody and demonstrated that this antibody recognizes residues 89-124 of phostensin. Phostensin is encoded by KIAA1949, and the open reading frame of this gene was predicted by the GENSCAN gene prediction program to encode a putative protein of 613 amino acids (Nagase et al. 2001 ). Examination Figure 3 . Endogenous phostensin is mainly co-localized with actin filaments at the cellular periphery of PBMCs. (A) Endogenous phostensin was detected with PT2 and stained with rhodamine-conjugated secondary antibody (red). Actin filaments were stained with Alexa-488-conjugated phalloidin (green), and the nucleus was stained with DAPI (blue). Merged images are shown. Scale bar, 10 µm. (B) The cytoplasmic and nuclear proteins extracted from human PBMCs were analyzed by SDS-PAGE (12.5%), electrotransferred onto a polyvinylidene difluoride membrane, and blotted with the PT2 monoclonal antibody. The nuclear protein marker was stained with antilamin monoclonal antibody. (C) Endogenous phostensin binds to actin filaments. Crude proteins extracted from PBMCs or from HeLa cells were incubated with the PT2 monoclonal antibody and then precipitated protein G-Sepharose. After centrifugation, all components in the pellet were analyzed by Western blot using an anti-actin monoclonal antibody.
by 5′-RACE, however, only identified a short transcript that encoded a small protein of 165 amino acids (Kao et al, 2007) . The primary sequence of this small protein version was identical to the C-terminal region of the predicted larger protein.
Western blot analysis with the PT2 antibody only identified a phostensin protein with an apparent molecular weight of 26 kDa in protein extracts from human PBMCs and leukemic cell lines. No proteins with molecular weights of more than 60 kDa were detected by this antibody.
Previous proteomic studies have analyzed the PP1-binding proteins in the nucleus of HeLa cells and indicated that phostensin is a nuclear PP1-binding protein in this cell type (Trinkle-Mulcahy et al. 2006) . Interestingly, phostensin was not detected in HeLa cells by our Western blot analysis ( Figure 3A) . This difference may arise from the different sensitivities of the assay methods. Phostensin in the nucleus was observed in previous studies by indirect immunostaining analysis (Kao et al. 2007) . Although the overexpressed phostensin-EGFP noticeably colocalized with actin filaments at the cell periphery in MDCK cells, some of the recombinant fusion protein was also present in the nucleus. Distribution of the overexpressed phostensin-EGFP in the cytoplasm and in the nucleus was also observed in 293T cells (data not shown). In this study, endogenous phostensin mainly co-localized with the actin cytoskeleton at the cell periphery of human PBMCs but was also observed in the nucleus to a lesser extent ( Figure 3A) . Analysis of the proteins extracted from the cytoplasm and the nucleus of PBMCs also confirmed that the majority of phostensin localizes to the cytoplasm rather than to the nucleus ( Figure 3C ). In the cytoplasm, phostensin binds to the pointed ends of F-actin and modulates actin dynamics (Lai et al. 2009 ); however, the biochemical function of phostensin in the nucleus is not known. Phostensin does not contain a perfect nuclear localization sequence. Therefore, the mechanism for transportation of phostensin from the cytoplasm to the nucleus remains unidentified.
Phostensin is abundantly distributed in many leukocyte populations. The compartments that contain leukocytes in lymphatic tissues were found to contain an abundance of phostensin by immunohistochemical analysis. The distribution of phostensin in the thymus is interesting. The thymus, which is the location for T-cell development, is composed of the cortex, which contains immature T-cells, and the medulla, which contains mature T-cells. Immunohistochemical analysis demonstrated that phostensin was present in the thymic medulla but not the thymic cortex. This result suggests that phostensin is only expressed in mature T-cells.
Recently, microarray analysis was used to screen 25,985 cDNAs for differences between MDA-MB-231, a tumorigenic and metastatic breast cancer cell line, and MDA/H6, the chromosome 6-mediated suppressed, non-tumorigenic, and non-metastatic derivative cell line. KIAA1949 was identified in this study as one of the differentially expressed genes (Su et al. 2010 ). In addition, microarray analysis demonstrated that the KIAA1949 transcript was downregulated in 86.7% of breast cancer lines and tumor tissues. Northern blot analysis also revealed that the KIAA1949 transcript was undetectable or significantly decreased in 10 breast cancer cell lines, suggesting that KIAA1949 is a potential breast cancer suppressor gene. These results strongly suggest that phostensin functions as a breast cancer suppressor. Analysis of the levels of phostensin in breast cancer cell lines and MDA/H6 will be critical to verify this notion. Biochemically, phostensin binds to the pointed ends of actin filaments and retards the elongation and depolymerization rates (Lai et al. 2009 ). The importance of this activity in cancer cell invasion and metastasis needs to be investigated. Moreover, phostensin targets PP1 to the actin cytoskeleton (Kao et al. 2007 ). PP1 is a major serine/threonine protein phosphatase that is capable of reversing the action of protein kinases (Cohen 1989; Cohen 2002; Shenolikar 1994; Shi 2009 ). Targeting of PP1 to the actin filament pointed ends via phostensin may modulate phosphorylation/dephosphorylation of the actin cytoskeleton network, and this activity may, in turn, affect cancer cell invasion and metastasis. In this study, we found that phostensin is only expressed in mature T-cells and that differentiation of promyelocytic leukemia cells (HL60) significantly increases the expression of phostensin. These data suggest that phostensin affects leukocyte differentiation, and the role of this protein on differentiation is currently under investigation.
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